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ABSTRACT
Large scale, weakly collimated outflows are very common in galaxies with large infrared luminosities.
In complex systems in particular, where intense star formation (SF) coexists with an active galactic nu-
cleus (AGN), it is not clear yet from observations whether the SF, the AGN, or both are driving these
outflows. Accreting supermassive black holes (SMBHs) are expected to influence their host galaxies
through kinetic and radiative feedback processes, but in a Seyfert galaxy where the energy emitted in
the nuclear region is comparable to that of the body of the galaxy, it is possible that stellar activity
is also playing a key role in these processes. In order to achieve a better understanding of the mech-
anisms driving the gas evolution specially at the nuclear regions of these galaxies, we have performed
high-resolution three-dimensional hydrodynamical simulations with radiative cooling considering the
feedback from both star formation regions including supernova (type I and II) explosions and an AGN
jet emerging from the central region of the active spiral galaxy. We computed the gas mass lost by
the system, separating the role of each of these injection energy sources on the galaxy evolution and
found that at scales within one kiloparsec an outflow can be generally established considering intense
nuclear star formation only. The jet alone is unable to drive a massive gas outflow, although it can
sporadically drag and accelerate clumps of the underlying outflow to very high velocities.
Keywords: galaxies: Seyfert – galaxies: ISM – galaxies: outflow – galaxies: AGN –ISM: kinematics
and dynamics – ISM: evolution
1. INTRODUCTION
Gas outflows extending for few kiloparsec scales (kpc)
or larger are frequently observed in local galaxies with
high star formation rates (SFRs) and in active galactic
nuclei (AGN). A large fraction of the outflows is detected
in high-redshift, active star forming sources, and for this
reason it is common to believe that outflows represent
a stage of the galactic evolution (see, e.g., Shapley et al.
2003). Such outflows affect the multiphase distribution of
the interstellar medium (ISM; see, e.g., McKee 1995) and
are responsible for the dynamical and chemical evolu-
tion of the galaxy, determining the enrichment of the in-
tergalactic medium (IGM; see e.g. Heckman et al. 1990;
Melioli et al. 2009, 2013, 2015, and references therein) as
well as the deficit of baryons seen in many galaxies.
Outflows may also quench star formation by heating
up the cold gas component and ejecting it from the host
galaxy (see, e.g., Binney 2004). High energy outflows
have been proposed as the main cause of the drop in AGN
luminosity and the end of the galactic gas fuelling onto
the central super massive black hole (SMBH), limiting
the active phase of the nucleus to a time of about 108
yr. Outflows are also particularly important for starburst
(SB) galaxies whose intrinsically large SFR provides the
perfect conditions for gas outflow to develop.
In complex systems where an intense star forma-
tion (SF) activity coexists with an AGN, it is unclear
whether the SF, the AGN, or both are driving the out-
flows. It is known that accreting SMBHs influence their
host galaxies through kinetic/radiative feedback pro-
cesses, but the details of these processes remain unclear
(e.g. Storchi-Bergmann et al. 2009, 2010; Morganti et al.
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2013). In particular, in Seyfert galaxies, where the nu-
clear source emits an amount of energy comparable to
that of the host galaxy, it would be possible that the
outflows are driven predominantly by the stellar activity,
which therefore would have a key role in the evolution of
the system.
There are several studies that assume a ther-
mal AGN feedback in the vicinity of the black
hole (e.g Di Matteo et al. 2005; Springel et al. 2005;
Johansson et al. 2009). Observations indicate that there
may be two distinct modes of AGN feedback (see Fabian
2012, for a review). The kinetic-mode (also denominated
radio mode), thought to occur at low Eddington ratios
(L/LEdd < 0.1), is expected to operate through heat in-
jection into the surrounding gas by a relativistic jet. In
the quasar-mode, likely linked to high Eddington ratios
(L/LEdd > 0.1), the AGN power is believed to couple
directly to the interstellar medium of the host galaxy via
radiation pressure or accretion disc winds, resulting in
fast outflows (e.g. Aalto et al. 2012; Cicone et al. 2014;
Genzel et al. 2014; Tombesi et al. 2015). The general
conclusions of these studies is that AGN feedback can un-
bind a large fraction of the baryons provided that a few
percent of the bolometric luminosity couples thermally
to the ISM. This applies specially in the framework of
quasar or radiative−mode AGN feedback (see, e.g., King
2003; Ostriker et al. 2010; Faucher-Gigue`re & Quataert
2012; Zubovas & King 2012).
Gaspari et al. (2011b,a) and Gaspari et al. (2012) per-
formed three-dimensional simulations of the evolution of
the gas in clusters, groups of galaxies and elliptical galax-
ies taking into account the AGN feedback and found that
a mechanical feedback with these lower efficiencies would
be enough to both constrain the growth of the black hole
and balance the radiative cooling resulting in gas den-
2sity and temperature distributions compatible with the
observation and with the results of similar studies (see,
e.g., Falceta-Gonc¸alves et al. 2010b,a; Ciotti et al. 2010;
Novak et al. 2011).
However, these studies, in general, have focussed on the
large (100 kpc − 1 Mpc) scale evolution of the gas, where
most of the energy of the SMBH jet is directly transferred
to the intra-group or intra-cluster medium carrying out
a large amount of gas and probably preventing cooling
flows. Almost no work has addressed the effects of the
AGN on the host galaxy, where the highly collimated jet
has possibly very weak interactions with the surrounding
medium. Of course, there is a theoretical interest in the
ability of AGNs to affect the gas mass in the nuclear
region and its star formation history (e.g., Croton et al.
2006; Schawinski et al. 2007), but the inclusion of effects
like the interplay between star formation and the AGN
activity, the merger of galaxies and secular processes, in
general, is complex, and the parameter space is not yet
fully mapped, mainly at small (1 kpc) scales.
In a recent work, Wagner et al. (2012) investigated
with help of HD simulations the detailed physics of the
feedback mechanism between a SMBH jet and a two
phase fractal ISM in the kpc-scale core of a galaxy, but
their results refer only to the early stages of the jet evo-
lution, when it propagates through the disk for the first
time. In this case the dense embedded clouds of the ISM
are accelerated by the ram pressure of the high velocity
flow through the porous channels of the warm phase gas,
but probably this regime cannot be maintained for much
time after the jet digs a hole in the disk and beyond it and
therefore, this cannot be taken as a stationary solution.
Generally, feedback of the ISM implies not only en-
ergy and momentum injection by supernovae and stellar
winds (e.g. McKee & Ostriker 1977), but also radiation
frommassive stars and from the SMBH (Thompson et al.
2005, and references therein). The coupling between
photons and the interstellar gas is expected to be very
weak if only Thompson cross-section is implied (e.g.
Ciotti & Ostriker 2001), but this coupling is enhanced
in the presence of dust. Dust grains are able to scat-
ter and absorb UV radiation re-emitting it into infrared.
Thus since the gas is coupled to the grains hydrodynami-
cally, radiation pressure on the dust may be able to push
the gas against its self-gravity providing an additional
driving to gas outflow.
When momentum from stellar radiation pressure and
radiation pressure on larger scales via the light that
escapes from star-forming regions is considered (see
Hopkins et al. 2011, 2012), a more realistic multi-phase
ISM develops, maintaining a reasonable fraction of the
ISM at densities where the thermal heating from super-
novae has a larger effect. The potential importance of ra-
diative momentum feedback has been explored for some
time now (see, e.g., Haehnelt 1995; Ciotti & Ostriker
2007), and its potential role in the context of AGN and
SBs was first pointed out by Murray et al. (2005) and
Thompson et al. (2005). It might be considered in prin-
ciple at least in some situations to study the evolution of
the gas of a galaxy hosting an AGN.
In this study we will consider kinetic (or radio) mode
AGN feedback and neglect the radiation and dust driven
mechanisms (see also Martin 2005; Sharma et al. 2011).
The photo-ionizing radiation will be considered only to
justify the minimum temperature of the diffuse gas,
Tmin,g ∼ 104 K. In fact, we assume that all the me-
chanical energy and momentum are effectively deposited
into the ISM, so that the mechanical feedback will domi-
nate over the radiative feedback. This is a reasonable
assumption for Seyfert galaxies for which the column
densities are about ∼ 1022 cm2 (or less), as pointed
out by Novak et al. (2011). Moreover, although dusty
structures, in the form of spiral and filaments at hun-
dreds of parsecs scales are often observed in early-type
active galaxies (see, e.g., Simo˜es Lopes et al. 2007) in-
dicating that a reservoir of dust is a necessary condi-
tion for the nuclear activity, in Seyfert galaxies the dust
mass is lower than that observed in ultraluminous IR
galaxies (ULIRGs), and a rapid destruction in supernova-
generated shock waves may make the typical dust lifetime
shorter than the time over which the galaxy is active
(McKee 1989; Jones & Nuth 2011).
In order to achieve a better understanding of the pro-
cesses driving the nuclear gas evolution in a Seyfert
galaxy, in this study we perform fully three-dimensional
(3D) hydrodynamical simulations at high (1.9 pc) reso-
lution taking into account the effects of radiative cooling
and considering the feedback from both star formation
regions with type I and II SNe and from a collimated
SMBH jet propagating from the central region of an ac-
tive spiral galaxy. We compute the gas mass lost by
the system and separate the role of each energy injection
source on the galaxy evolution.
The paper is organized as follows. In Section 2 we sum-
marize some recent observational results about the gas
dynamics in the inner kiloparsec scale of Seyfert galaxies.
In Section 3 we describe the main physical processes in
the nuclear region of an active galaxy and present solu-
tions for a steady state system. In Section 4 we outline
the main characteristics of our model, while in Section 5
we present the main results of the simulations and finally,
in Section 6, we summarize our conclusions.
2. OBSERVATIONS
Seyfert galaxies are usually spiral galaxies whose nu-
clei are exceptionally bright. The original definition
of the class (Seyfert 1943) was primarily morpholog-
ical, i.e., these are galaxies with high surface bright-
ness nuclei, but today the definition has evolved so that
Seyfert galaxies are now identified spectroscopically by
the presence of strong, high-ionization emission lines.
Khachikian & Weedman (1974) were the first to real-
ize that exist two distinct subclasses of Seyfert galaxies,
Type I and Type II, which are distinguished by the pres-
ence or not of broad bases of permitted emission lines.
The spectra of Type I Seyfert galaxies show broad lines
that include both allowed lines, like HI, HeI or HeII and
narrower forbidden lines, like OIII (broad line regions,
BLR), while the spectra of Type II Seyfert galaxies show
only (permitted and forbidden) narrow lines (narrow
line regions, NLR). In some cases the spectra show
both broad and narrow permitted lines, and these ob-
jects are then classified as an intermediate type between
Type I and Type II, such as Type 1.5 Seyfert. NLRs are
characteristic of a low-density ionized gas with widths
corresponding to velocities of several hundred kilome-
tres per second, while BLR have widths of up to 104
km s−1, and the absence of broad forbidden-line emis-
3sion indicates that the broad-line gas is of high density,
so the non−electric−dipole transitions are collisionally
suppressed. BLRs are associated to the nuclear region
(rBLR ≤ 1 pc) where the relativistic SMBH jet develops,
while NLRs are observed between 10 pc and 1 kpc, and
are associated to less dense clouds that may be optically
thick and/or optically thin.
The physical conditions of the NLRs have been ob-
served accurately, and in the last years a large num-
ber of studies have shown that photoionization by
the central continuum source plays a dominant role
in exciting the gas (e.g. Kraemer & Crenshaw 2000a;
Kraemer et al. 2000; Bennert et al. 2006b,a), although
shocks may play an important role in localized re-
gions (Kraemer & Crenshaw 2000b; Dopita et al. 2002;
Groves et al. 2004). Generally, the NLR is the largest
observable feature which may be affected by the AGN
radiation and its dynamical forces. Therefore, its inves-
tigation is crucial to understand the AGN structure and
evolution, as well as the interaction between the nuclear
engine and the circumnuclear ISM and the stellar ac-
tivity of the host galaxies. Despite a large number of
ground-based long-slit spectroscopic studies, up to now
a consensus about the kinematics of the NLR and its
velocity distribution has not been reached yet. Several
dynamical models have been proposed such as infall, ro-
tation, outflow (e.g Veilleux 1991; Fraquelli et al. 2000,
2003; Fischer et al. 2010; Mu¨ller-Sa´nchez et al. 2011, and
references therein), and radial acceleration by radio
jets or tangential expansion of the gas around the jets
(Winge et al. 1997; Axon et al. 1998). However, ob-
servations with the Space Telescope Imaging Spectro-
graph indicated that the main component of the mo-
tion in the NLR seems to be radial and more recently,
further observational constraints on the kinematic of
the NLR in Seyfert galaxies have been established (e.g.
Mu¨ller-Sa´nchez et al. 2011). Though biconical models
can explain very well the radial velocity profiles of the
outflows, there are still several local variations in the gas
kinematics that remain unexplained.
Also recently, observations of Seyfert galaxies based
on integral-field spectroscopy have found evidences of
radial outflows in the NLR (Garc´ıa-Lorenzo et al. 2001;
Storchi-Bergmann et al. 2010; Mu¨ller-Sa´nchez et al.
2011). In these studies, it were measured the kinematics
of the ionized and molecular gas surrounding the nucleus
of the galaxy and it was found that the ionized-gas kine-
matics may be the result of three velocity components,
namely, an extended emission at a systemic velocity
observed in a circular region around the nucleus, an
outowing component along the bi-cone characterized by
an angle of ∼ 60◦, and another component due to the
interaction of the radio jet with the galactic disk. The
data indicate that the origin of the extended emission is
gas from the galactic plane that could be ionized by the
AGN and suggest that the NLR clouds may be accel-
erated very close to the nucleus (∼ 10 pc), after which
the flow moves at essentially constant velocity. The
observed mass outflow rates vary between 1 and 10 M⊙
yr1, being ∼ 102 to 103 times larger than the expected
accretion rates for an AGN, while the kinetic powers
associated to the outflow are between 102 and 104 times
smaller than the typical AGN bolometric luminosities
(Storchi-Bergmann et al. 2010; Mu¨ller-Sa´nchez et al.
2011). Regarding the third kinematic component, that
is, the one due to the interaction of the radio jet with
the ambient gas moving at a systemic velocity, there are
clear indications that the jet is launched close to the
plane of the galaxy, pushing the gas it encounters on
its way. The observed high-velocity gas in the nuclear
regions of some galaxies as well as the large ratios
between Mout and Macc indicate that the outflow cannot
be attributed to a single AGN wind episode. It might be
rather due to a process in which the interstellar matter
around the nuclear region is pushed away by a previous
AGN wind (Mu¨ller-Sa´nchez et al. 2011).
Molecular hydrogen emission arises in extended regions
along the axis of the galaxy stellar bar, avoiding the re-
gion of the bi-cone. The H2 velocities are close to sys-
temic with a small rotation component, supporting an
origin in the galactic plane. On the contrary, the max-
imum velocity of the outflowing component ranges be-
tween 120 km s−1 and 2000 km s−1 and is reached at a
typical distance of ∼ 180 pc from the AGN.
3. STEADY STATE SOLUTIONS
As described, the physical processes occurring in the
nuclear region of a Seyfert galaxy are quite complex. SNI
and SNII explode at a given rate injecting energy, mo-
mentum and metals into the ISM. The supernova rem-
nants (SNRs) generated by the SN explosions expand
through a turbulent multiphase medium in which clouds
and filaments are embedded. At the same time, the gas
heated by the SNe and by ionizing photons emitted by
massive stars is also cooled via radiative losses that de-
pend on the square of the gas density and on the metal
abundance affected by the stellar activity. At the center
of the galaxy, the presence of the SMBH also contributes
to make more complex the evolution of the system. In
fact, imaging studies have revealed that structures such
as small-scale disks or nuclear bars and associated spiral
arms are frequently observed in the inner kiloparsec of
active galaxies (Erwin & Sparke 1999; Pogge & Martini
2002; Laine et al. 2003), transporting gas into the inner
few hundred parsecs. In the same central region, small-
scale jets emerge from the base of the accreting disk
of the black hole, transfering a large amount of energy
into a very collimated region, producing strong shocks
and bright emission knots typical of collisionally excited
plasma. As stressed in §1, in this contest it is very hard to
understand if the observed gas outflow is a consequence
of the SMBH feedback or if SNe-driven hot superbubbles
may fill out the core of the galaxy developing a wind rich
in filamentary structures and turbulences, or both effects
are prevailing.
3.1. Energy balance
A first analytical approach study of the evolution of
this sort of system may be done by comparing the energy
injected by the main sources (SNI, SNII, Jet) with the en-
ergy lost by radiative cooling and the energy required to
drive a gas outflow. The rate of SNI explosions is about
0.01(Mbulge,10) yr
−1 (Pain et al. 1996), where Mbulge,10 is
the stellar mass of the bulge in units of 1010 M⊙, while
the rate of SNII explosions corresponds to about 0.01
(SFRSB,1) yr
−1 (see Melioli et al. 2009), where SFRSB,1
is the star formation rate of a given SB region in units of
1 M⊙ yr
−1. Therefore, assuming that each SN releases
41051 erg, the injected luminosity associated to the SN
events is:
Lin = 3× 1041 [SFRSB,1 +MBH,7] erg s−1 (1)
where MBH,7 is the mass of the central SMBH in units
of 107 M⊙ and where we have considered the observed
relation between the bulge and the SMBH mass.
The total rate of radiative cooling in an optically thin
plasma within a cylindrical region of radius RSB,300 (in
units of 300 pc) and thickness hSB,200 (in units of 200
pc) is: 2
Lcool = 10
42
(
Λ(T )−23 R
2
SB,300 hSB,200 n
2
10
)
erg s−1
(2)
where n10 is the gas density in units of 10 cm
−3 at the
height z = 0, and Λ(T )−23 is the cooling function in
units of 10−23 erg s−1 cm3, corresponding to a temper-
ature of about 104 K. Given the Kennicutt-Schmidt law
(Kennicutt 1998) that provides an excellent parametriza-
tion of the global SFR over a density range extending
from the most gas-poor spiral disks to the cores of the
most luminous SB galaxies, after some algebraic opera-
tions we obtain
SFRkpc ∼ 10−1 (n10 hSB,200)1.4 M⊙yr−1kpc−2 (3)
where SFRkpc = 3.5 SFRSB/R
2
300, and substituting Eq.
3 in Eq. 2 we may directly compare the energy injected
with the energy lost as a function only of the SFR (per
kpc2) of a given galaxy. Therefore, the rate of energy
radiated away may be rewritten as:
Lcool = 2.7×1043
(
Λ(T )−23 R
2
SB,300 h
−1
SB,200 SFR
1.43
kpc
)
erg s−1
(4)
and the trend of the energy injected and lost (per second)
by the system is shown in Fig. 1.
Regarding the jet associated to the SMBH, an amount
of energy EBH ∼ 0.1MBHc2 could in principle be in-
jected in the surrounding gas. This means that about
5×1044MBH,7 erg s−1 may be released over a time of 108
yr, a value significantly larger than the binding energy
of the interstellar medium in a typical spiral or ellipti-
cal galaxy, or even in a group of galaxies. However, in
a Seyfert galaxy the luminosity associated to the central
active jet is lower, between 1041 and 1042 erg s−1, i.e., of
the same order of the luminosity injected by the SNe (Eq.
1). It is also comparable to the energy carried out per
second by the gas mass outflow, that is E˙out ∼ 0.5M˙v2out.
2 As remarked in the introduction we are neglecting dust driven
mechanisms and radiation pressure because of the low dust column
densities observed in the nuclear regions of the Seys and the ex-
pected high frequency of SN shocks waves that will help to destroy
dust structures. At the same time, the shocks as well as photoion-
ization and non-thermal heating processes by the AGN will ensure
a high gas temperature (we will find below in the simulations val-
ues as large as 109 K; see. e.g., Figures 10 and 17). Thus, the
assumption of an optically thin gas in near ionization equilibrium
at the pc-scales around the AGN is reasonable. In this case, the
thermal radiative cooling function given in Eq. 2 should be a good
approximation even in the presence of photoionization and non-
thermal heating by the AGN. This will actually help to keep the
surrounding interstellar gas at temperatures larger than or equal
to 104 K.
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Figure 1. Rate of energy injected and lost in the nuclear region
of a Seyfert galaxy considering an active region with cylindrical
geometry characterized by a radius R=300 pc and a thickness h=
200 pc as a function of the SFR. Solid (black) line: energy injected
by SNI and SNII; long-dashed (magenta) line: energy injected by
the SNI only; dashed (blue) line: energy lost by radiative cooling
assuming a fixed value for the cooling function Λ(T ) = 10−23 erg
s−1 cm−3; dot-dashed (red) line: energy lost by radiative cooling
assuming a fixed value for the cooling function Λ(T ) = 10−22 erg
s−1 cm−3. The SFR is given in M⊙ yr−1 (log10 scale) while the
energy rates are given in units of 1041 erg s−1 (log10 scale).
Moreover, unlike the events described above, near the
central black hole, the jet is strongly collimated and its
interaction with the ISM of the host galaxy is limited to
a small fraction of the total gas mass of the system, of the
order of 10−2(Rjet,20/R300)
2, where Rjet,20 is the width
of the jet within the galaxy disk in units of 20 pc. There-
fore, we can expect that, except for the very early stages
of evolution, the SMBH jet will influence only weakly the
increase of the mass outflow, so that we can neglect its
contribution in Eq. 1.
From Fig. 1, we note that for a cooling function with
a value of ∼ 10−23 erg s−1 cm3, which is a lower limit for
a gas at T=104 K, the rate of energy injected is larger
than the rate of energy radiated away only for a SFR
smaller than ∼ 0.1 M⊙ yr−1 kpc−2, and for a value of
∼ 10−22 erg s−1 cm−3, which is an upper limit for a gas
at T=104 K, the rate of energy injected is larger than
the lost energy rate only for SFR smaller than 10−2 M⊙
yr−1. In fact, according with the Kennicutt-Schmidt law,
the SFR increases slower than the square of the density,
and therefore there is a critical gas density value above
which an outflow cannot develop because of the radiative
cooling, as indicated in Fig. 1.
3.2. Hot gas and filaments
The result above is mainly due to the idealized sce-
nario adopted with a homogeneous distribution of the gas
which misrepresents the expected and observed multi-
phase ISM (see, e.g., McKee & Ostriker 1977; Dettmar
51990; Hill et al. 2014) in the disk of the galaxies. Indeed,
when the stellar winds and the SN energy are injected
into the SB region, two competing processes occur: on
one hand the winds and the SNRs sweep the diffuse gas,
thus lowering its mean density; on the other hand the
interactions between the shells of the several SNRs de-
termine the formation of dense and cold structures, gen-
erating turbulences and a network of filaments which may
coexist with the high-temperature, low-density gas (see,
e.g., Melioli & de Gouveia Dal Pino 2004; Melioli et al.
2005). Therefore, the importance of the radiative cool-
ing depends on which of these two processes dominate.
Besides, the radiative cooling is almost negligible in the
hot bubbles generated inside the SNRs.
The average distance crossed by a SNR before interact-
ing with another one depends on its expansion velocity
and thus on the density of the ISM, and also on the rate
of SN explosions per volume. Assuming that a SNR ex-
pands for a maximum time texp ∼ 1.8× 105n−0.3510 T 0.74 yr
(see equations 6 and 9 in Melioli et al. 2006), during this
period the number of SN explosions is:
Nstall ∼ 5× 103 n10 R2300h1.4200 T 0.74 (5)
and the average distance between two SNe is:
λSN ∼ 13 n−0.510 T 0.354 h−0.7200 pc (6)
Therefore, when the average distance between two SNe
is smaller than the stall radius of the SNRs, these may
interact developing a low density ambient at high tem-
perature coexisting with filamentary structures. Figure 2
illustrates the average distance (solid lines) and the stall
radius (dotted lines) as a function of the density and
temperature of the ISM. We note that if the Kennicutt-
Schmidt law is valid, when the temperature is 104 K or
lower, SNRs always interact for ambient densities higher
than ∼ 0.1 cm−3. When the temperature is about 106
K, each SN explosion may be considered as a single event
and there is no SNRs interaction mainly because of the
high thermal pressure of the ISM.
If there is interaction, the successive generations of
SNRs expand in a medium more and more rarefied, thus
becoming adiabatic and eventually transferring most of
their energy to the ISM; in this case the heating ef-
ficiency (HE) of the SNe, that is, the fraction of the
SN explosion energy that remains effectively stored in
the ISM gas and is not radiated away, will be close to
unity. On the other hand, in a situation where fila-
ments, clouds and clumps are destroyed on short time-
scales raising again very rapidly the ambient density, HE
will be very small (for a detailed study on the HE see,
e.g., Melioli & de Gouveia Dal Pino 2004). Therefore, in
a multiphase ambient medium characterized by diffuse
low density gas and denser filaments, if we assume an es-
cape velocity of the order of ∼ √2GMsys/hZ , the mass
loss rate of the gas in the nuclear region will be approx-
imately given by:
M˙ ∼ E˙ − L˙(
GMsys
hz
) ∼ HE× E˙(
GMsys
hz
) (7)
where E˙ and L˙ are the injected and radiated power, re-
spectively. Considering an average total mass of the sys-
Figure 2. Average distance, λSN , between two SNe and SNR stall
radius, Rstall, versus density n, for three different temperatures of
the ISM, T=100 K (red lines), T=104 (black lines) and T=106 K
(blue lines). Solid line: λSN ; dashed lines: Rstall. The distances
are given in pc (log10 scale).
tem of ∼ 1011 M⊙ and a height hz = 1 kpc, the outflow-
ing bipolar gas mass rate, as a function of the global SFR
for different values of HE, is given in Fig. 3. The most
striking result is that, for values of SFR smaller than
or approximately equal to 1 M⊙ yr
−1, the SB activity
drives an outflow smaller than 1 M⊙ yr
−1, regardless of
the SFR. For SFRs larger than 1 M⊙ yr
−1, different sce-
narios are possible. Depending on the efficiency of the
radiative cooling, a strong outflow may develop or not. If
HE is high, between 0.5 and 1, a mass loss rate between
25% and 50% of the SFR is possible, but for smaller HE
values either an outflow or an inflow can occur, or even
both of them concomitantly. Of course, the higher the
SFR, the density surface and/or the jet interaction with
the ISM, more complex is the description of the evolu-
tion of the whole system using a simple approach. For
this reason we need to perform hydrodynamical simula-
tions in order to provide a better description of the main
physical events in a nuclear region where a SB coexists
with an AGN.
4. THE NUMERICAL MODEL
4.1. Seyfert galaxy initial setup
In our model we consider the central (kpc) region of
a typical spiral (Seyfert) galaxy and set the initial con-
ditions for the ISM following the procedure outlined in
Melioli et al. (2008, 2009, 2013). We first assume a mass
model for the galaxy, which includes the contribution of
a bulge and a stellar disk, and then we set the ISM in
equilibrium with the gravitational potential given by the
summation of the dark matter halo, the bulge, and the
disk contributions. The dark matter halo is assumed to
follow the Navarro, Frenk &White profile (Navarro et al.
1996):
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Figure 3. Mass loss rate for a nuclear region of a galaxy consid-
ering an active volume with a radius R=300 pc and a thickness h=
200 pc as a function of the SFR, for different values of the heating
efficiency, HE. Solid (black) line: HE = 3%; long-dashed (red) line:
HE = 10%; dashed (blue) line: HE = 50%; dot-dashed (magenta)
line: HE = 100%. The SFR and the mass loss rate are given in
M⊙ yr−1 (log10 scale).
Φdm(r) = −GMvir
rsf(c)
ln(1 + x)
x
, (8)
where r is the spherical radius, Mvir is the mass at the
virial radius, rvir defined as the radius where the aver-
age density is ∼ 102 times the cosmological critical den-
sity, ρcrit, rs is a scale radius, x is the ratio between
r and rs, c = rvir/rs is the concentration and f(c) =
ln(1 + c) − c/(1 + c). In this model we considered Mvir
= 1011 M⊙, rvir = 120 kpc, rs = 10 kpc and c = 12,
adopting a Λ cold dark matter cosmological universe with
ΩM=0.27, ΩΛ=0.73 and H0=71 km s
−1 Mpc−1. How-
ever, we note that due to the limited extension of the
galaxy region here investigated, we verify that the gravi-
tational potential of the dark matter halo has almost no
influence in the determination of the initial distribution
and the evolution of the gas.
The gravitational potential of the stellar bulge is given
by a Plummer distribution (Plummer 1911):
Φb(r) = − GMb
rc + r
, (9)
where Mb is the total mass of the bulge and rc is the
core radius defined as the radius containing 50% of the
stellar mass. The bulge mass is assumed to be always
Mb = 10
10 M⊙, while the core radius varies according to
the model.
Finally, the gravitational potential of the gas
disk is given by a Miyamoto & Nagai profile
(Miyamoto & Nagai 1975), that is:
Φdisk(r, z) = − GMdisk√
r2 +
(
a+
√
z2 + b2
)2 (10)
where Mdisk is the mass of the disk (for the whole galaxy),
while a and b are its radial and vertical scales, respec-
tively. In this study we assume Mdisk = 5 ×1010 M⊙, a =
8 kpc and b = 0.8 kpc. Therefore the total gravitational
potential is: Φ(r, z) = Φdm + Φb(r, z) + Φdisk(r, z).
The rotating gas in the disk is initially put in equi-
librium with the galaxy gravitational potential. We
obtain the rotation velocity resolving the equation
v(r, z) =
√
(r dΦ(r, z))/dr)z=constant (see Melioli et al.
2008, 2009, 2013, 2015). The values of the velocity ob-
tained in this way mimic quite well the rotation curve of
a spiral galaxy.
We assume three distinct galaxy models, SyL, SyM
and SyH characterized by gas disk distributions with
different total mass, density profile and resulting column
densities defined as low (NH = 10
21 cm−2), medium
(NH = 10
22 cm−2) and high (NH = 10
23 cm−2), respec-
tively. All models have a multi-phase gas distribution,
and each phase at t = 0 is defined by a typical tempera-
ture Ti,0 and central density ρi,0, initially in equilibrium
in the total gravitational potential described above. The
isothermal density distribution of each phase will have
the form:
ρi(r, z) = ρ0,i exp
[
−Φ(r, z)− e
2
iΦ(r, 0)− (1− e2i )Φ(0, 0)
c2disk,i
]
(11)
where c2disk,i is the isothermal sound speed of the i-phase
of the gas and ei quantifies the fraction of rotational sup-
port of the ISM. In our model the i-phase density is re-
placed by the (i+1)-phase density wherever the (i+1)-
phase pressure is larger than the (coldest and densest)
pressure of the i-phase.
The galaxy parameters adopted in this study are pre-
sented in Table 1, and the initial density and temperature
distribution for each model is shown in Fig. 4.
4.2. Energy injection
As stressed before, the energy injected in the central
region of a Seyfert galaxy comes from a large number of
sources: stellar winds and protostellar jets, SN (type I
and II) explosions, SMBHs, cosmic rays and spiral waves.
However, the average energy injected by the protostellar
jets is about 100 times smaller than the energy injected
by the SN explosions (Mac Low & Klessen 2004), while
only the Wolf-Rayet stars have winds that are energet-
ically important (Nugis & Lamers 2000), but last only
∼ 105 years. Furthermore, since we are mainly inter-
ested in the gas outflow, cosmic rays and spiral waves
may be also neglected because although they may play
an important role in the star formation processes, they
are expected to be less relevant to drive the gas out of
the disk in active galaxies3.
3 See, however, the importance of cosmic rays to drive winds in
normal spiral galaxies and dwarf galaxies (see, e.g., Everett et al.
2008; Booth et al. 2013)
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Parameters for the galaxy models setup SyL (thin disk), SyM (intermediate disk) and SyH (thick disk)
Model rc ρ0,1 ρ0,2 ρ0,3 Tdisk,1 Tdisk,2 Tdisk,3 e1 e2 e3 NH M300pc
kpc cm−3 cm−3 cm−3 K K K cm−2 108 M⊙
SyL 1.3 1 10−2 10−3 104 5× 104 105 1 0.9 0.8 2×1021 0.03
SyM 0.7 30 1 3×10−2 104 5× 104 106 1 0.9 0.5 4×1022 0.5
SyH 1.3 100 1 104 5× 104 105 1 0.9 0.5 2×1023 3.0
Figure 4. Edge-on logarithmic density distribution (with density
given in cm−3) of the unperturbed ISM for the models SyL (top
panel), SyM (middle panel) and SyH (bottom panel). Distances
are given in kpc.
For these reasons, in this study we assume that the
kpc-scale outflow observed in different wavelengths is
mainly driven by the Type I and Type II SN explosions
and/or by the jet produced by the activity of the SMBH
in the center of the galaxy.
The rate of type I SN explosions is proportional to the
bulge mass (Mb), which in turn is proportional to the
mass of the central SMBH (MBH) (see §3.1). Given the
relationMBH/Mb ∼ 10−3 (see, e.g., Ha¨ring & Rix 2004),
and assuming a SNI rate in the bulge of ∼ 0.01 yr−1 per
1010 M⊙ (Pain et al. 1996), we obtain:
SNI = 10−9MBH yr
−1 (12)
where the mass of the SMBH, MBH , is given in units of
M⊙. Each i-th SN explosion is associated randomly to a
given position Pi in the stellar bulge of the galaxy at a
random time ti in the interval 0 < ti < tSF, where tSF=30
Myr is the time of stellar activity. This procedure gener-
ates points with a random spatial frequency proportional
to the stellar density described by the Plummer profile
(Plummer 1911):
ρb,star(r) =
3Mb
4pirc
(
1 +
r2
r2c
)−5/2
, (13)
To introduce the SNII (characterized by a lifetime ≤
30 Myr), we assume a SB in the central region of the
host galaxy, in the disk within a radius of ∼ 300 pc and
with a typical half-height (above and below the disk)
of 80 or 160 pc, depending on the model. We con-
sider an event of star formation in which a total mass
of stars ∼ 3 × 107 or 3 × 108M⊙ (depending on the
model) form. Considering a SN rate is ∼ 10−2 (or 10−1)
yr−1, which is in agreement with many observations of
Seyfert galaxies (see, e.g., Forbes & Norris 1998), we ex-
pect to have ∼ 3 ×105 (or 3 ×106) SNe injecting an
average luminosity LSN ∼ 3×1041 (or 3×1042) erg s−1 in
a time interval of 30 Myr. As in the case of the SNI, to
set the SNII spatially and temporally within the SB re-
gion, we associate randomly to each i-th SNII a position
P i = (ri, hi), where 0 < ri < 300 pc and (−80,−160)
pc < hi < (80, 160) pc depending on the model, and a
time ti in the range 0 < ti < 30 Myr. Both for the SNe
I and the SNe II, we inject the energy of each explosion
over a time of 300 yr and with a SN heating efficiency HE
= 100% (Melioli & de Gouveia Dal Pino 2004) 4. There-
fore, each SN explosion injects mass and energy at rates
M˙ = Minj/(300 yr) and LSN = 10
51/(300 yr), respec-
tively, where Minj is the mean mass released by a single
SN explosion, that is, 16 M⊙ for the SNII and 1 M⊙ for
the SNI.
Finally, we assume that the SMBH injects a total con-
stant luminosity of ∼ 1042 erg s−1 above and below the
midplane of the galaxy in two collimated jets character-
ized in most of the models by a non-relativistic velocity
perpendicular to the plane of the disk of 2.1 ×109 cm s−1
and by a total rate of injected matter of ∼ 6 ×10−3 M⊙
yr−1. The jet is injected in a central cylindric volume of
about 14 pc3. In order to verify how the jet setup may
affect the results, we have also considered a model with
a higher velocity and smaller density jet, with the same
luminosity of the one described above, but with a rela-
tivistic velocity of ∼ 0.2 c and a rate of injected matter
of ∼ 5 ×10−4 M⊙ yr−1.
Since in this study we are interested in understanding
the role of each of the energy sources described above on
4 We note that a SNR will develop only after the SN shock front
enter the Sedov phase, that is, after a time ∼ 400/n1/3 yr. The
SNR evolution may be considered adiabatic up to a time tsedov ∼
3 × 104/n0.55 yr. This explains why we adopt HE = 100% in the
first 300 yr.
8the galaxy evolution we have performed different simula-
tions where either all or only part of the energy sources
have been considered. In order to cover a parametric
space as large as possible, we have run 16 different mod-
els and a summary of the characteristics and parameters
adopted for each model are given in Table 2.
4.3. Numerical methodology
To simulate the evolution of the system descrived
above, we employed a modified version of the Carte-
sian Godunov MHD code originally developed by G.
Kowal (see Kowal et al. 2007; Falceta-Gonc¸alves et al.
2008; Santos-Lima et al. 2010; Lea˜o et al. 2013), using
the Harten-Lax-van-Leer C (HLLC) solver and a sec-
ond order RungeKutta for time integration. It also uses
the message-passing interface (MPI) library to achieve
portability and efficient scalability on a variety of paral-
lel high−performance computing systems. The code is
available upon request directly from the authors.
In this version, the code includes a parametrized cool-
ing function in the energy equation that allows the gas
to cool down to 10 K with errors smaller than 10% and
which is calculated implicitly in each time step for each
grid position. The cooling function considers an opti-
cally thin gas in ionization equilibrium and takes into
account also the gas metallicity and the gas fraction of
H2, according to the methodology used by Raga et al.
(2000, 2002). We have run all the models with a maxi-
mum resolution of 1.9 pc per cell. 5 The adopted box
has physical dimensions of 1×1×1 kpc in the x, y and z
directions, respectively, and is covered by 5123 cells.
The energy associated to each SN explosion is injected
as thermal energy in a single cell, while the SMBH jet
is injected in a single cell above and below the midplane
disk, at the center of the system.
In all simulations the initial metallicity at the mid-
plane is assumed to be equal to the solar one (z/z⊙=1)
and decreases inversely proportional with the height of
the disk, up to a minimum value zmin/z⊙=0.1. We note
that the metallicity can influence the value of the cooling
function up to a factor 10 specially at gas temperatures
∼ 105 K, but it is not so important for the gas cooling
at temperatures between 104 and 5 × 104, or above 107
K. For this reason, we have adopted for the injected SNe
a metallicity that increases according to their evolution
as described, e.g., in Melioli et al. (2013, see also refer-
ences therein). We further notice that we have also run
a few models (not presented here) with different initial
values of the metallicity in the disk (z/z⊙=0.3; z/z⊙=5)
and found no significant modifications in the results with
regard to the reference model (z/z⊙=1).
Each simulation was run on 512 processors of the LAI
supercomputing centre at IAG-USP, using about 105
CPU hours per simulation.
5. RESULTS
In this section, we present the main results for the
different models listed in Table 2. All the models were
5 We have also performed several tests with a larger resolution of
0.95 pc per cell for about 2 Myr and found that the results are very
similar to those with a 1.9 pc resolution per cell. For this reason,
we adopted the latter scheme for the study presented here as it
allowed us to save computation time without loosing information
and quality in the results.
followed for a time interval between 2 and 12 Myr (de-
pending on the model), which is an appropriate time to
investigate the global properties of the wind build-up,
from the first SN explosions up to a nearly steady-state
phase, when no gas inflow (from the external regions to
the center of the galaxy) is detected.
Although we analysed all models of Table 2, we will
focus our attention on four of them, namely, the models
SyM-SNI-SB, SyM-SNI-SB-JET, SyH-SNI-SB and SyH-
SNI-SB-JET which combine one or more of the poten-
tial outflow-driving mechanisms. Observations (see, e.g.,
Tombesi et al. 2013) indicate that a large fraction of
Seyfert galaxies has an amount of gas in the inner region
of the order of 108 M⊙, so that models with the SyH
setup (Table 1) can be taken as main references in this
study. On the other hand, models with the SyL setup,
which have lower values of gas column density in the
center, are more rare to observe and for this reason their
results will be only briefly discussed in the Appendix.
5.1. Seyfert galaxy models with intermediate column
density (SyM)
5.1.1. SyM-SNI
In this model, we consider a disk galaxy with the SyM
setup (see Table 1), characterized by a total mass in the
central half kpc3− volume of about 5 ×107 M⊙, a max-
imum density of 30 cm−3 and a column density, nH =
1022 cm−2. The energy injected comes only from the SNI
explosions, which are expected to occur in any galaxy re-
gardless of the presence or not of a SB region or a SMBH
jet. In this case we find that the SNe I, alone, are unable
to remove the gas from the center of the galaxy. Figure 6
depicts the mass evolution for this model (dashed-green
line) and we clearly see in the top panel that the mass
of the whole system remains nearly constant over the
time simulated, that is, 6.5 Myr for this model6 In the
core of the galaxy, within a radius of 40 pc, the mass of
the gas varies by about ± 15% compared to its initial
value, while in the disk up to a radius of 400 pc the total
amount of gas is reduced by only a few per cent (see Fig.
6, dashed-green lines in the middle and bottom panels).
Figures 5 and 8 (dashed-green line) indicate that the
SNI explosions only induce the growth of turbulence in
the disk and the halo. However, there is no impact in
the evolution of the thermal pressure or the maximum
density (which are almost constant along the simulation),
so that no star formation process, gas outflow or inflow
occurs in this case (see also Fig. 7). We note that in
Figure 8, the average velocity refers to the whole box
and this average (performed over the volume and not
over the mass) is strongly affected by the high velocities
in the halo, above and below the disk. However, the halo
(due to its very low density) does not contribute to the
evolution of the disk gas and for this reason, despite the
high average velocity, the system does not generate any
significant outflow.
6 We note that in this and all diagrams representing the global
evolution of the system, there is a small decrease in the gas mass
mainly due to the rotation of the galaxy which causes an artificial
mass loss through the lateral boundaries of the computational do-
main. For this reason, in our simulations, in order to compute the
final mass loss due to the stellar (or jet) feedback we calculate the
difference between the total mass in a model with gas outflow and
its counterpart without gas outflow.
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Initial conditions adopted in the hydrodynamic simulations for 16 different models. For each Model: a)
Name; b) Host galaxy setup; c) SNI rate (yr−1); d) SF rate (M⊙ yr−1); e) SB region half-hight (pc); f)
SMBH Jet luminosity (erg s−1); g) SMBH Jet velocity (vjet/c)
Modela Gal. Typeb ˙SNI
c
SFRd he
SB
Jet Lum.f Jet Vel.g
SyL-SNI SyL 0.01 − − − −
SyL-SNI-SB SyL 0.01 1 160 − −
SyL-SNI-SB-JET SyL 0.01 1 160 1042 5×10−2
SyL-SNI-JET SyL 0.01 − − 1042 5×10−2
SyM-SNI SyM 0.01 − − − −
SyM-SNI-SB SyM 0.01 1 80 − −
SyM-SNI-SB-JET SyM 0.01 1 80 1042 5×10−2
SyM-SNI-JET SyM 0.01 − − 1042 5×10−2
SyM-SNI-10SB SyM 0.01 10 80 − −
SyH-SNI SyH 0.01 − − − −
SyH-SNI-SB SyH 0.01 1 80 − −
SyH-SNI-SB-large SyH 0.01 1 160 − −
SyH-SNI-SB-JET SyH 0.01 1 80 1042 5×10−2
SyH-SNI-JET SyH 0.01 − − 1042 5×10−2
SyH-SNI-SB-JET-light SyH 0.01 1 160 − 2×10−1
SyH-SNI-10SB SyH 0.01 10 80 − −
5.1.2. SyM-SNI-SB
Also in this model the disk galaxy is built with the
SyM setup (see Table 1), but the energy sources now
include both regular SNI explosions and those of a SB
region characterized by a SFR of 1 M⊙ yr
−1. We calcu-
late the disk evolution over a time of 12 Myr (Fig. 9) and
find that between 2 and 6 Myr an average gas outflow of
about 15 M⊙ yr
−1 is driven when the SB region is active
(see Figures 6 and 7, dashed blue lines). The mass of the
disk decreases by about 4.5 × 107 M⊙ in the first 5 Myr
and then, since there is no gas infall coming from the ex-
ternal region of the galaxy (not considered in this study)
the gas density drops to values of about 10−2 cm−3 (see
Fig. 8, dashed blue lines), and a fraction of the gas raised
by the SN explosions falls back to the disk, leading to a
final average density, after 12 Myr, of about 1 cm−3 (Fig.
9). After 2 Myr the gas in the core of the galaxy (within
a radius of 40 pc) is completely removed, and globally
the kpc3 volume here considered looses about 3.5 × 106
M⊙ of gas along 2 Myr, corresponding to a total mass
transfer rate of 1.75 M⊙ yr
−1.
Observing Fig. 9 we also see that between the hot
low density gas outflow and the highly energized gas in
the disk, there is a third warm phase characterized by
a temperature of 104 K, the minimum allowed in our
model. This gas, which enters in the hot wind and flows
out of the system, far away from the ionizing sources of
the galaxy may be able to cool to low temperatures and
eventually, in presence of dust, may form molecular gas
at few kpc above the disk, as it has been observed in
some systems (e.g., Morganti et al. 2013, ; see also the
discussion section 6.2).
5.1.3. SyM-SNI-SB-JET
This model is equal to the previous one (SyM-SNI-
SB), but in this case we considered also the presence
of a highly collimated jet (Table 1) injected in a cylin-
drical volume characterized by a height of 1.9 pc above
and below the midplane of the disk, a mass at a rate
of about 6 × 10−3 M⊙ yr−1, a (non-relativistic) velocity
of about 2×109 cm s−1 and a total kinetic luminosity
of 1042 erg s−1. We calculated the evolution of the sys-
tem over a time of 6 Myr. The results, shown in Figs.
6, 7 and 8 (solid-black lines) and Fig. 10, demonstrate
that the overall gas evolution is basically the same ob-
tained without the jet. The only significant difference
is in the central core of the disk, within 40 pc, where
the gas mass is removed faster, in about 105 yr. The
jet at the beginning of its evolution generates a trans-
verse shock wave that propagates radially until reaching
an equilibrium position at about 30 pc from the galaxy
center. This makes the gas in this region denser and less
vulnerable to the action of the SN explosions, which re-
duces and delays the total gas outflow. The presence of
the jet, as expected, also causes a higher mean velocity
in the whole system and a very high velocity signature in
the low density gas above the disk. However, the mass,
density, pressure and temperature evolution of the disk
are comparable with those of the model SyM-SNI-SB,
and therefore we may conclude that in this case the jet
does not affect significantly the global evolution of the
system.
5.1.4. SyM-SNI-JET
In this model we consider a disk with a SyM setup,
the presence of SNI explosions in the bulge and a central
highly collimated jet with a total kinetic luminosity of
1042 erg s−1. Differently from model SyM-SNI-SB-JET,
in this case we do not consider a SB region. The results of
the evolution of this model over 6 Myr (Figs. 6, 7 and 8,
short-dashed purple lines) show, as in the previous case,
that the jet alone is unable to remove from the system
a significant amount of gas. Indeed, the fraction of gas
shocked by the jet along the axis of propagation corre-
sponds to about 2% of the gas in the nuclear region of the
galaxy (within R ≤ 300 pc), but there is a higher increase
in density and pressure in the galactic disk induced by
the jet in its normal direction. As in the previous model,
during the first 2 Myr only, the gas in the core of the
galaxy (within R ≤ 40 pc) is swept away by the shock
wave generated at the beginning of the jet propagation.
However, this phenomenon is local and transient, and
does not affect much the global evolution of the system.
After 2 Myr, about 30% of the gas falls back into the
nuclear region, and the evolution of the galaxy continues
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Figure 5. Edge-on logarithmic gas density (top panel) and ve-
locity (absolute value, bottom panel) distribution at t = 4.2 Myr,
for the model SyM − SNI. Distances are given in kpc, density
is in cm−3 and velocity is in units of the reference sound speed
computed at T=5×104 K, cs,5×104 = 33 km s
−1.
to be the same as in Model SyM-SNI.
5.2. Seyfert galaxy models with high column density
(SyH)
5.2.1. SyH-SNI
In this set of models we consider a disk galaxy with
the SyH setup (see Table 1), characterized by a total
mass in the central half kpc3 of about 3 ×108 M⊙, a
maximum density of 100 cm−3 and a column density nH
= 2 ×1023 cm−2. In this configuration the disk is thicker
and more massive than in the previous setup, resembling
the gas distribution observed in the nuclear region of
Seyfert galaxies (Tombesi et al. 2013) and also of our own
Galaxy (see, e.g., Vergani et al. 2004).
As in model SyM-SNI, in the model SyH-SNI the only
energy source comes from the SNI explosions that alone
are unable to remove the gas from the center of the galaxy
(Fig. 11). The mass of the system is nearly constant over
Figure 6. Time evolution of the mass of the gas within the whole
system (z ≤ 500 pc, upper panel), the thick disk (z ≤ 200 pc,
middle panel) and the central core of the galaxy (r ≤ 40 pc, bottom
panel) for the models SyM-SNI (long dashed-red lines), SyM-SNI-
SB (dashed-blue lines), SyM-SNI-JET (dot-dashed-magenta lines)
and SyM-SNI-SB-JET (solid-black lines). Time is in Myr and mass
is in units of M⊙, logarithmic scale.
Figure 7. Time evolution of the gas mass transfer and loss rate of
the thick disk (z≤ 200 pc) for the models SyM-SNI (long dashed-
magenta lines), SyM-SNI-SB (dashed-blue lines), SyM-SNI-JET
(dot-dashed-red lines) and SyM-SNI-SB-JET (solid-black lines).
Time is in Myr and mass loss rate is in units of M⊙ yr−1.
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Figure 8. Time evolution of the main physical variables within
the system: maximum number density (upper panel), average ve-
locity (middle panel) and average pressure (bottom panel). As
in Figs. 6 and 7, we have the models SyM-SNI (long dashed-
red lines), SyM-SNI-SB (dashed-blue lines), SyM-SNI-JET (dot-
dashed-magenta lines), and SyM-SNI-SB-JET (solid-black lines).
Density and pressure are in cgs, velocities are in km s−1 (all vari-
ables are in log-scale).
the maximum simulated time (9 Myr) and no significant
mass transfer from the core of the galaxy to above the
disk (h ≥ 200 pc) is detected, as depicted in Figures 12
and Fig. 13. Therefore, as expected, the thick disk in a
nuclear region of a galaxy, even if completely photoion-
ized by the central source (a SMBH in the case) and
thus characterized by a minimum temperature of 104 K,
is not destroyed or even partially removed by the SNI ex-
plosions, which however contribute for maintaining the
turbulence of the ISM, mainly above the disk (Fig. 14).
5.2.2. SyH-SNI-SB
In this case the energy injected in the thick disk (SyH)
comes from the SNI and SNII explosions associated to
the bulge and to a SB region with a SFR of 1 M⊙ yr
−1,
respectively. Since the thick disk extends up to a height
hz ∼ 180 pc, the stars within the SB region may be dis-
tributed in different ways. In this study we consider two
different stellar distributions in a nuclear region with a
radius RSB = 300 pc. In one case they are uniformly
distributed between a height -80 ≤ hSB ≤ 80 pc, while
in the second case (here defined large) the stars are dis-
tributed with a power law ∝ (|hz |/h0)3 between a height
-160 ≥ hSB ≥ 160 pc and with h0 = 160 pc, that is,
the SB region is active throughout the thickness of the
disk. We have calculated the disk evolution over a time
of 9 Myr and we see that the global evolution is quite
similar in both cases (Figs. 15 and 16). This means that
the SNII vertical distribution, within the disk, is not so
important as the total SNII number and/or the SNII
density surface, and for this reason in the next models
Figure 9. Edge-on logarithmic gas density (upper panel) and
velocity (absolute value, vertical component, bottom panel) distri-
bution for the model SyM-SNI-SB at t = 5 Myr. Density in cm−3
and velocity in units of the reference sound speed (cs,5×104 = 33
km s−1).
we will consider only the large stellar distribution within
the SB which is possibly a more realistic case.
In both models above, after about 2.5−3 Myr, the gas
energized by the SN explosions begins to rise from the
disk to the halo at an average rate of∼ 20 M⊙ yr−1, and a
maximum rate of 45 M⊙ yr
−1 at t ∼ 4 Myr. Along 7 Myr
the mass of the disk in the large case decreases by about
108 M⊙, that is, ∼ 30% of its initial mass is lifted above
the denser disk to heights ≥ 200 pc. Similarly, when the
SNII are uniformly distributed within a thinner region,
the mass of the disk is reduced by ∼ 23%, with an active
gas outflow starting at t = 3 Myr and ending after 3
Myr (i.e., at t = 6 Myr). Also the density, the pressure
and the velocity evolutions are very similar in both cases
(Fig. 14. The only difference is observed in the removal
of gas from the nuclear region, clearly more efficient in
model SyH-SNI-SB. In this case, all the gas is dispersed
to larger radius, while in the large case about 10% of
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Figure 10. Edge-on logarithmic gas density (top panel) and ve-
locity (absolute value, vertical component, bottom panel) distribu-
tion for the model SyM-SNI-SB-JET at t = 5 Myr. Density is in
cm−3 and velocity is in units of the reference sound speed (cs,5×104
= 33 km s−1)
the gas remains in the central 40 pc. However, these
differences are not enough to affect the evolution of the
system and we can state that the choice of the vertical
distribution of the SNs does not seem to be so important
in this study. Close to the midplane of the disk, the
SB activity generates a 2-phase ISM characterized by a
diffuse gas with density of ∼ 10−1 − 10−2 cm−3 and
temperature of about 107 K, where dense clumps and
filaments are embedded with a density of ∼ 10 cm−3
and temperature of 104 K.
Globally, the mass of the system here considered (with
a kpc3 volume) decreases by about 107 M⊙ at an average
rate of few M⊙ per year (top panel of Fig. 12), but since
the region we have simulated extends only up to ± 500
pc (on each side of the disk), we are unable to predict
the final fate of this gas, i.e., whether it will fall back
to the disk or definitively leave the galaxy as a wind.
An estimate of the inner galactic disk escape velocity
Figure 11. Edge-on logarithmic gas density (top panel) and gas
velocity (bottom panel) distribution at t = 4.2 Myr, for the model
SyH-SNI. Distances are given in kpc, density is in cm−3 and veloc-
ity is in units of the reference sound speed computed at T=5×104
K, cs,5×104 = 33 km s
−1. We note that here the velocity signal
characterizes the real direction of the velocity (rather than its ab-
solute value). It is generally positive above the disk and negative
below it, characterizing an outflow motion. We also identify a few
patches where the velocity has an opposite signal with regard to
the surrounding gas, characterizing regions of fallback flow.
((2GM/r)1/2) indicates that it is of the same order of
the outflow velocity of part of the energized gas, so that
both fates are possible.
5.2.3. SyH-SNI-SB-JET
As in the study of the SyM setup, this model has sim-
ilar initial conditions to the previous one (SyH-SNI-SB),
but includes also the presence of a highly collimated jet
with the same characteristics described above (Table 1
and §4.2 4.2). We calculated the evolution of the system
over a time of 6 Myr and the results are shown in Figures
12, 13, 14 (solid-black lines), and 17. Also in this case,
the gas evolution does not differ much from the model
above without the jet. The gas transport above the disk
is somewhat less efficient than in the SyH-SNI-SB large
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Figure 12. Time evolution of the mass of the gas in the whole
system (z ≤ 500 pc, upper panel), in the thick disk (z ≤ 200 pc,
middle panel) and in the central core of the galaxy (r ≤ 40 pc, bot-
tom panel) for the models SyH-SNI (long dashed-red lines), SyH-
SNI-JET (short-dashed-magenta lines), SyH-SNI-SB-JET (solid-
black lines), SyH-SNI-SB large (dashed-blue lines), and SyH-SNI-
SB (dot-dashed-purple lines). Time is in Myr and the mass is in
units of M⊙, logarithmic scale. We note that the earlier truncation
in some tests was due to computational time constraints. From ear-
lier tests with lower resolution we have verified that the results did
not change substantially, then we truncated the longer lasting runs
earlier.
model, with a mean mass transfer rate of about 15 M⊙
yr−1 (and a maximum of ∼ 30 M⊙ yr−1), while in the
central core of the disk, within 40 pc, about 90% of the
gas is removed during the first 4×105 yr. due to the pres-
ence of the jet. However, this trend does not represent a
steady state and we note that after 2 Myr the gas evolu-
tion is very similar to that of the previous model. Also
the density, pressure and temperature evolution of the
disk are comparable with those of the model SyH-SNI-
SB large, so that we may conclude that also in a system
with properties that resemble those of a Seyfert galaxy
with a thick disk, the SMBH jet is not expected to affect
the global evolution of the gas in the inner regions, up
to ∼ 500 pc.
To understand better the evolution of this system SyH-
SNI-SB-JET compared to the previous one without the
jet (SyH-SNI-SB large), we have plotted in Figs. 18 and
19 the time evolution of the gas mass for different values
of the vertical velocity and the temperature, respectively.
We note that the gas mass related to a given velocity
and temperature in the model including the jet repre-
sents only a few per cent of the total mass of the nuclear
region. This explains why we see no significant differ-
ences in the gas evolution between the two models. In
other words, though the presence of the jet may change
a little the velocity and temperature profiles and thus
the emission structure, it does not seem to be efficient
enough to remove much gas at the galactic scales.
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Figure 13. Time evolution of the gas mass transfer and loss rate
of the thick disk (z≤ 200 pc) for the models SyH-SNI (long-dashed-
red lines), SyH-SNI-JET (short-dashed-magenta lines), SyH-SNI-
SB-JET (solid-black lines), SyH-SNI-SB large (dashed-blue lines),
and SyH-SNI-SB (dot-dashed-purple lines). Time is in Myr and
mass loss rate is in units of M⊙ yr−1.
Figure 14. Time evolution of the main physical variables within
the system: maximum number density (upper panel), average
velocity (middle panel) and average pressure (bottom panel) for
the models SyH-SNI (long-dashed-red lines), SyH-SNI-JET (short-
dashed-magenta lines), SyH-SNI-SB-JET (solid-black lines), SyH-
SNI-SB large (dashed-blue lines), and SyH-SNI-SB (dot-dashed-
purple lines). Density and pressure are in cgs, velocities are in km
s−1 (all variables are in log-scale).
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Figure 15. Edge-on logarithmic gas density (upper left panel), temperature (upper right panel), pressure (bottom left panel ) and velocity
(vertical component, bottom right panel) distribution for the model SyH-SNI-SB large at t = 3.75 Myr. Density is in cm−3, temperature
in K, pressure in units of 7×10−12 erg cm−3 (code units) and velocity in units of the reference sound speed (cs,5×104 = 33 km s
−1). Here
the velocity signal characterizes the real direction of the flow velocity.
5.2.4. SyH-SNI-JET
To further stress the results and conclusions above and
verify whether or not in the absence of a SB the remain-
ing injecting mechanisms are still able to sweep large
amounts of gas from the thick disk to the halo, we have
also run a model including only the jet and the SNI. The
magenta short-dashed lines of Figs. 12, 13 and 14 indi-
cate that the only effect of the jet on the evolution of
the system occurs in the nuclear region, within 40 pc,
as in the previous model. No gas mass is transported to
outside and no gas outflow from the disk to the halo is
observed. The jet crosses the disk affecting it just in the
very beginning of its evolution. After a few hundreds of
thousands years the jet interaction with the disk ceases
and it continues to flow freely through the low-density
channel previously opened by it.
5.2.5. SyH-SNI-SB-JET-light
As remarked in §4.2, aiming at verifying how the char-
acteristics of the jet can affect the evolution, we have also
considered a lighter jet with a relativistic velocity of ∼
0.2 c and a rate of injected matter of ∼ 5 ×10−4 M⊙
yr−1. In this case, though the jet speed, vj , is larger,
the density contrast between the jet and the disk near
the base is much smaller (η = ρjet/ρdisk=5.5×10−4)
than in the previous model (SYH-SNI-SB-JET). Consid-
ering the momentum flux conservation at the shock that
forms at the head of the jet, one can easily demonstrate
that the jet propagation velocity into the disk, vh, de-
pends both on the jet speed and the density contrast, i.e.
vh ≃ vj/(1 + η−1/2) (e.g. de Gouveia dal Pino & Benz
1993). This indicates that the larger the density contrast
and the jet speed the faster the jet propagates. For the
model above with a light jet (SyH-SNI-SB-JET light),
the much smaller density contrast gives a propagation
velocity vh smaller than that of model SyH-SNI-SB-JET,
in agreement with the results of the simulations (see Fig.
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Figure 16. Edge-on logarithmic gas density (top panel), and
velocity (vertical component, bottom panel) distribution for the
model SyH-SNI-SB at t = 3.75 Myr. Density is in cm−3 and ve-
locity is in units of the reference sound speed (cs,5×104 = 33 km
s−1). Here, the velocity signal charaterizes the real velocity direc-
tion (rather than its absolute value).
20). Thus the corresponding time scale to cross the disk,
of about 0.4 Myr, is longer than in the previous model,
during which a slow shock wave propagates into the disk
transporting mass, momentum and heating to the ISM
arising its temperature to about 108 K (with peaks of
109 K).
However, after the jet breaks out into the halo the
shock wave that propagates along the plane of the disk
reaches a steady state, separating the low-density, high-
temperature region where the jet propagates from the
rest of the disk, within a distance of 80 pc from the center
of the galaxy. This region is larger than that obtained
in the previous simulation with a denser and slower jet
(see Fig. 20), but this difference does not affect much the
evolution of the disk and confirms the results obtained
in the previous models, as we can see in Figures 21 and
22, where we compared the mass evolution and the mass
loss rate of the models with (SyH-SNI-SB-JET light) and
without (SyH-SNI-JET light) a SB region.
Furthermore, since the faster the jet crosses the disk
less energy is deposited into the ISM of the host galaxy,
the jet with the higher density contrast (SyH-SNI-SB-
JET in Figure 20, right panels) produces a more colli-
mated flow. On the other hand, the longer time of energy
deposition into the disk by the lighter jet in SyH-SNI-
SB-JET light model due to the slower evolution, results
a similar mass evolution to that of Model SyH-SNI-SB-
JET, with differences of only a few M⊙ per year for the
mass transfer rate of the thick disk and no significant
differences in the mass loss rate of the whole system.
5.3. Seyfert galaxy models with higher SFR (10SB)
Finally, we have run models (not shown here) con-
sidering a SFR of the SB region 10 times higher than
in the previous cases. We considered a SyH setup
with (SyH-SNI-10SB-JET model) and without (SyH-
SNI-10SB model) the jet. These models were run either
with higher or lower gas metallicity than the solar val-
ues7 and with different SN distribution, considering both
single and clustered SN explosions. We have found simi-
lar results between these tests, nearly independent of the
metallicity (see, hoever, Melioli et al. 2009, 2013, 2015,
for a more detail study on the effects of metalicity in
galactic and SB winds), which are also consistent with
those presented above. Of course, the mass transfer rate
from the disk to the halo is higher and, almost insensi-
tive to the presence of the jet, reaches a maximum value
of ∼ 170 M⊙ yr−1 and a mean value of ∼ 90 M⊙ yr−1,
resulting in a total mass exchange between the disk and
the halo involving about 40% of the mass of the system.
Moreover, the higher energy injected by the SB region
increases the thermal pressure of the gas in the nuclear
region and consequently, the channel dug by the jet is
more confined and tighter. This result suggests that the
higher the SFR and the column density of the disk, the
greater is the collimation of the SMBH jet.
6. DISCUSSION AND CONCLUSIONS
In this study our main goal was to understand the
role of the collimated jet emerging from the center of a
Seyfert-like galaxy in the development of a broader mas-
sive gas outflow in the nuclear region. In contrast to pre-
vious studies (e.g. Ciotti & Ostriker 2007; Sijacki et al.
2007; Gaspari et al. 2011b; Fabian 2012), we focused our
attention on a small region of the host galaxy, character-
ized by a volume of 1 kpc3, and performed high resolu-
tion (1.9 pc) hydrodynamical simulations which helped
us to distinguish the main driving mechanisms of the gas
evolution.
It has long been recognized the importance of a SMBH
jet in balancing cooling flows, inflating the X-ray cavities
in the hot gas of galaxy cluster cores, or energizing
the intergalactic medium (e.g., Boehringer et al. 1993;
McNamara & Nulsen 2007; Falceta-Gonc¸alves et al.
2010b,a; Gaspari et al. 2011b,a). However, all these
processes act at large scales, from 10 kpc to 1 Mpc. Less
explored is the importance of the jet feedback on the
small scales of the host galaxy.
7 In the other models investigated here we employed solar metal-
licity.
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Figure 17. Edge-on logarithmic gas density (upper left panel), temperature (upper right panel), pressure (bottom left panel) and velocity
(absolute value, vertical component, bottom right panel) distribution for the model SyH-SNI-SB-JET large at t = 3.75 Myr. Density is in
cm−3, temperature in K, pressure in units of 7×10−12 erg cm−3 (code units) and velocity in units of the reference sound speed (cs,5×104
= 33 km s−1).
Considering a rotating disk gas distribution initially in
equilibrium with the galaxy gravitational potential with
a given column density, we explored the evolution of this
distribution in the surrounds of the nuclear region over ∼
10 Myr, taking into account, either separately or all to-
gether, the effects of star formation, SN explosions, and
the jet. In general lines, we have found that the for-
mation of turbulent and clumpy outflows in the nuclear
region of Seyfert-like systems is mainly driven by intense
star formation. The jet feedback at these scales is less
relevant.
In the next paragraphs we discuss our main results and
their implications for the evolution of the nuclear regions
of Seyfert galaxies, the formation of a multiphase ISM,
the gas outflow, and the jet feedback on the host galaxy.
6.1. Gas mass evolution and outflow collimation
In all models studied, the gas of the disk is carried out
in an outflow only in presence of star formation activity,
regardless of the column density of the host galaxy. Nor
the regular activity in the bulge (mainly due to SNI ex-
plosions), nor the jet, or both together are able to drive
gas outflow at the small scales, particularly after the first
Myr, when the jet breaks through the disk and evolves
along a low-density and high-temperature channel with
a thickness of few tens of pc. We should stress, however,
that we considered a radiative cooling optically thin gas
and neglected the presence of dust and radiation pres-
sure. Though this could be another driving mechanism,
as remarked in §1 the typical gas column densities (be-
tween 1021 and ∼ 1023 cm2) and the rapid destruction
rate by SN shock waves make it unlikely the survival of
substantial amounts of dust in Seyfert nuclear regions
(see, e.g. McKee 1989; Jones & Nuth 2011). 8
Though the analytical steady state approach indicates
8 It is interesting to note that in a recent study, Gan et al. (2014)
addressed the problem of the AGN feedback in the nuclear regions
of elliptical galaxies, and argued that Compton scattering can heat
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Figure 18. Time evolution of the mass of gas within the whole
system for the models SyH-SNI-SB (top panel) and SyH-SNI-SB-
JET (bottom panel) for different vertical velocities. Time is in Myr
and masses are in units of M⊙, logarithmic scale.
Figure 19. Time evolution of the mass of gas within the whole
system for the models SyH-SNI-SB (top panel) and SyH-SNI-SB-
JET (bottom panel) for different gas temperatures. Time is in Myr
and masses are in units of M⊙, logarithmic scale.
the gas in the surroundings of the AGN to temperatures as high as
109 K and for this reason have taken into account the effects of the
AGN radiative feedback on the system. In their simulations (which
are performed for two-dimensional flows that arise from the center
with a large opening angle), they find that this heating process
will dominate only in the central regions over radial extensions of
that the energy lost by radiative cooling in the denser
regions of the disk would be high enough to balance the
energy injected by the stellar feedback, thus preventing
the formation of a galactic wind (see §3), the numeri-
cal hydrodynamical simulations have demonstrated that
this steady state lasts only about 1−2 Myr, after which
the gas begins to flow out of the disk. In fact, at the
beginning of the simulations the gas in the disk remains
unperturbed and homogeneous, and its behaviour follows
the one described by the analytical solutions in §3. How-
ever, with the energy injection by the stellar feedback,
shock waves propagate into the ISM and the system be-
comes highly non-steady. Shock heated, low density gas
emerges from the disk and propagates into the stratified
gas, transferring mass to heights greater than 200−300
pc. The average mass transfer rate we obtained is be-
tween 3 and 25 M⊙ yr
−1 for a SFR of 1 M⊙ yr
−1 and
a disk column density between 1021 and 1023 cm−2, and
between 60 and 90 M⊙ yr
−1 for a SFR of 10 M⊙ yr
−1
and a disk column density between 1022 and 1023 cm−2.
The gas outflow ends when about ∼50−70% of the mass
in the nuclear region (within a radius of ∼ 300 − 400
pc, is removed. At larger heights, the impact of the SN
energy on the gas mass evolution is not so important.
For instance, at a distance of 500 pc above the disk we
find that the mass loss rate is only a few M⊙ yr
−1 (for a
SFR of 1 M⊙ yr
−1) and this value is almost independent
of the disk column density.
On the other hand, when considering only the propa-
gation of the SMBH jet through the disk there is only a
small fraction of gas removal from the core of the galaxy
(within r ∼ 40 pc), but no relevant amount is carried
away by shock waves and/or by gas heating to generate
a wind.
We have evaluated also the energy associated to the
evolved outflow in the models and found that, in the
cases without the AGN feedback, the kinetic power of
the outflow increases to a value between (2 to 4)×1040
erg s−1, that is, about 6.5% to 13% of the stellar feedback
luminosity. At the same time, the thermal (or internal)
energy rate of the gas outflow increases to about 1040
erg s−1, that is, ∼ 3% of the stellar feedback luminosity.
In other words, about 15−20% of the stellar luminosity
goes to the outflow, and the remaining 80% is radiated
away. In the models where the jet feedback is included,
we have obtained essentially the same luminosity values
and for this reason we can conclude that we are observing
a SF-driven wind.
The scenario would change completely in the case of
an AGN outflow emerging with very large opening an-
gles, as assumed, e.g., in Wagner et al. (2013). These
authors (interested in exploring quasar-mode AGN feed-
back) have considered an AGN accretion disk outflow
impinging into a very cloudy environment with a large
opening angle of 30 degrees. In this case they find that
the outflow can substantially affect the galactic ISM.
Nevertheless, as in the present simulations, their AGN
wind is injected within a scale of 2 pc. The only dif-
about 10 to 30 pc. Similarly, in our simulations with AGN feed-
back, although we neglected explicitly the AGN Compton heating
effect, we also find that the temperature grows to ∼ 109 K within
a radial extension up to 20-35 pc due to the AGN jet shock heat-
ing. Therefore, the extension of the influence of the AGN heating
feedback found in both studies is essentially the same.
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Figure 20. Edge-on logarithmic gas density distribution for the models SyH-SNI-SB-JET light (left panels) and SyH-SNI-SB-JET (right
panels) at the nuclear region between -0.25 and 0.25 kpc (along R and z directions), at t = 0.4 Myr (upper panels) and t = 3 Myr (bottom
panels). Distances are given in kpc and densities are in cm−3.
ference is that in our models the jet emerges very col-
limated, as expected, while in Wagner et al. (2013) the
AGN disk wind is assumed to emerge largely uncolli-
mated from the nuclear region. This lateral expansion
may be due to the wind pressure (which in a quasar-
mode AGN may be dominated by radiation) overcoming
the external pressure (e.g., King 2003; Crenshaw et al.
2003; Arav et al. 2005). However, as stressed, we expect
that in the nuclear regions of the Seyferts this quasar-
mode feedback and therefore, the development of strong
AGN disk winds with large opening angles should be in-
operative.
In summary, the nuclear galactic gas evolution of a
Seyfert is almost insensitive to the passage of the AGN
outflow and, as demonstrated above, it needs an intense
and more widespread source of energy injection in the
disk (as a high SFR) to increase the gas pressure and
drive shock waves and turbulence that generate an ex-
panding, multiphase ISM over ∼ 500 pc above the disk.
As discussed in §2, the soft X-ray emission in
Seyferts is likely dominated by photoionized gas (e.g.,
Guainazzi et al. 2009). Its location, mass and mo-
mentum structure resembles a biconical outflow and
it has been suggested that this might be an evidence
of an AGN-driven wind (e.g., Longinotti et al. 2008;
Evans et al. 2010). Nevertheless, a SB-driven outflow
may also have a biconical shape above the disk (e.g.
Melioli et al. 2013). Given the small scales here simu-
lated it is difficult to reproduce the angle of gas escape,
but the distribution of the kinetic energy that will be
discussed in §6.3 provides useful information about the
morphology of the gas outflow. We should also note that
a new set of numerical simulations at intermediate scales
(∼ 10 kpc) for these flows is in progress which will allow
to identify more precisely these morphological features
(Melioli et al. 2015, in prep.).
6.2. Multiphase ISM
The SN explosions and the development of shock waves
into the ISM of the host galaxy determine the formation
of a multiphase ambient where gas with different densi-
ties and temperatures coexists at a given pressure. In-
deed, almost independently of the presence of a SMBH
at the center of the galaxy, the stellar feedback gener-
ates naturally regions at high densities which cool fast,
and regions where the passage of shock fronts leaves low
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Figure 21. Time evolution of the mass of the gas within the
whole system (z ≤ 500 pc, upper panel), the thick disk (z ≤ 200
pc, middle panel) and the central core of the galaxy (r ≤ 40 pc,
bottom panel) for the models SyH-SNI-SB-JET light (solid-black
lines) and SyH-SNI-JET light (dotted-blue lines). Time is in Myr
and mass is in units of M⊙, logarithmic scale.
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Figure 22. Time evolution of the gas mass transfer and loss rate
of the thick disk (z≤ 200 pc) for the models SyH-SNI-SB-JET
light (solid-black lines) and SyH-SNI-JET light (dotted-blue lines).
Time is in Myr and mass loss rate is in units of M⊙ yr−1.
density and very high temperature gas tracks. Thus a
region characterized by a high SFR may inject enough
energy to blow-out the gas from the disk and at the same
time lead to the formation of clouds and clumps which
can then be continuously generated and steadily carried
away roughly preserving the total cloud number.
At the beginning of its evolution, right after launch-
ing, also the jet generates high density regions through
a transverse shock wave that propagates radially until
reaching an equilibrium position at about 20−30 pc away
from the galaxy center (see Figure 20, right panels). This
shock wave initially induces some turbulence (as sug-
gested by, e.g., Guillard et al. 2015; Alatalo et al. 2015)
that may trigger either star formation or quenching de-
pending on the shock strength and the ISM conditions
(see, e.g., Melioli et al. 2006; Lea˜o et al. 2009), but com-
pared to the dynamical time scales of the system this
strong interaction lasts too little (about 0.3 Myr) in our
simulations and it is hard to predict whether or not it
may have a major impact over the star formation his-
tory of the inner region of the galaxy. 9
Clouds and clumps are therefore continuously and
mostly formed in the nuclear region of the galaxy by
the fragmentation of the shocked gas compressed by the
supernova shock fronts, and we verify that in our simu-
lations about 30% of the gas mass goes to clouds char-
acterized by high density, between 100 and 1000 cm−3.
These clouds, that are photoionized by the central source
(and by the stellar feedback too) and radially dragged out
of the nuclear region mainly via ram-pressure, could be
identified with the NLR observed in the Seyfert galaxy.
On the other hand, we have found that the jet feedback
alone is unable to produce a multiphase ambient and the
dense clouds in the nuclear region of the host galaxy.
At a given distance from the source of high energy
photons, these clouds may cool very fast to a tempera-
ture of few tens of K, since the cooling time is tcool ∼
50/(Λ(T, z)10−24n103) yr, where Λ(T, z)10−24 is the value
of the cooling function in units of 10−24 erg cm3 s−1 and
n103 is the gas density of the clouds in units of 10
3 cm−3.
From our simulations we note that these clouds are mov-
ing at velocities between -30 and 300 km s−1, relative to
the galaxy disk, depending on the height above the disk,
and are characterized by a density contrast between 100
and 104, as shown in Figure 23.
The fact that some clouds have negative velocities im-
plies that they may eventually fall back into the disk in a
process that may resemble that of the galactic fountains
(e.g. Melioli et al. 2008, 2009), while the clouds with pos-
itive velocities larger than the escape velocity can con-
tinue their journey through the halo. If dust forms in the
way, it may eventually also originate molecular clouds, as
recently observed, for example, in the western radio lobe
of the Seyfert galaxy IC 5063 (Morganti et al. 2013). We
note however, that in this system they detected clouds
with higher velocities than those found in our simula-
tions (which are around 1200 km s−1). This may be an
9 We should note that, in the case (not considered here) of an
intermittent jet, this would naturally allow for a continuous repe-
tition of events such as those described above, i.e., every time that
the jet would resume, the digging of a new tunnel into the ISM
would induce a new shock wave, turbulence and the boosting or
the quenching of star formation, over the whole evolution of the
galaxy or as long as the intermittent jet would survive.
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indication that the observed clouds in this case could be
produced in the SB-driven wind, as described above, and
then dragged by the much faster jet flow. Another pos-
sibility is that they result from direct interactions of the
jet head front with the dense environment. We actually
see this interaction in the very beggining of the simula-
tions (in the first 105 yr) when the jet breaks into the
ISM for the first time and sweeps the interstelar matter
(see also, e.g., Falceta-Gonc¸alves et al., in prep.).
6.3. Velocity distribution
The velocity distributions depicted in Figures 18
clearly show that one of the main differences between
models with and without a SMBH jet is the gas with
velocity signatures larger than 1500 km s−1. Depending
on the column density of the disk of the host galaxy, the
amount of very high velocity gas when a jet is present
is between 5 and 20 times larger than in models without
a jet. However, the fastest moving gas is concentrated
around the jet and the gas mass with these very high
velocities corresponds to about 500 − 1000 M⊙ only, an
amount too low to be able to modify the overall evolu-
tion of the system, though it may influence in the drag of
high velocity clouds (Morganti et al. 2013; Tombesi et al.
2015), as remarked in §6.2.
Therefore, we may conclude that the jet plays an im-
portant role in producing the very high gas velocities
observed in the expanding nuclear regions of the Seyfert
galaxies, but at the same time these velocities involve
such a negligible amount of gas mass compared to the
total amount in the outflow that it is unable to drive the
gas exchange between the disk and the halo within the
kpc scale.
According to recent observations (see §. 2 and ref-
erences therein), we note that our results basically re-
produce the structures of the gas outflow, that is, an
extended gas outflow with systemic velocity around the
nucleus having a broader biconical component perpen-
dicular to the disk and an inner component due to the
interaction between the jet and the galactic disk mate-
rial.
Our simulations suggest that in order to achieve this
structure, three different contributing factors are neces-
sary: i) a diffuse region characterized by high SFR (or
by a SB) which is responsible for the increase of ther-
mal pressure, the driving of shock waves and the forma-
tion and acceleration of the denser features; ii) a SMBH
jet, responsible for a little fraction of very high velocity
clouds and for the gas at very high temperatures (see Fig.
19); and iii) the presence of high density gas within the
thin disk (of the order of 102 cm−3) in order to constrain
most of the SB driven gas outflow to the inner radii (since
the SB activity is smaller in the outer radii) and allow
the formation of the biconical shape as observed.
Figure 24 that depicts the edge-on logarithmic distri-
bution of the kinetic energy of the gas for models SyH-
SNI-JET and SyH-SNI-SB-JET large (which differ only
by the extension of the SB region), illustrates the sce-
nario above. The gas along the jet is clearly at very
high velocity, but its high collimation makes negligible
the amount of kinetic energy that is transported from
the disk to the halo at hz ∼ 500 pc. At the same time,
the presence of a larger SB region causes an almost uni-
form expansion of the gas within 300−500 pc from the
center of the galaxy. In some regions the flow carries an
amount of kinetic energy about 1000 times larger than
that associated to the jet propagation only. This energy
transfer causes the development of a nearly biconical gas
outflow characterized by a width of ∼ 200 pc and an
opening angle of ∼ 60◦ at hz = 400 pc.
We should also notice that several earlier studies have
ruled out completely SF, or more specifically, SNe as
the main source of wind feedback based on the high ob-
served outflow speeds, larger than or around 600 km/s
(e.g Maiolino et al. 2012; Fabian 2012). However, our
simulations indicate speeds between 700 and 1500 km/s
even for models with no AGN feedback (see SyH-SNI-SB
large case in Fig. 18). As a matter of fact an individual
SN-driven gas outflow is expected to have velocities of a
few hundred km/s. However, these velocities are related
to the colder, denser part the gas that is pushed by the
external shock shell of the expanding bubble inflated by
the SN itself. In a more complex system, like the one
we are investigating here, the stellar feedback generates
several SN bubbles that interact which each other giving
rise to a complex multi-phase ambient formed by low ve-
locity, high density gas mixed with low density, very high
temperature gas moving at much higher speeds. The his-
togram of the gas density distribution versus velocity, in
Figure 25, illustrates this point for the jetless model SyH-
SNI-SB large (upper diagram). We clearly see that the
very small fraction of gas that is accelerated to velocities
of about 1000 km/s has densities between 10−2 and 10−3
cm−3. In other words, the highest outflow speeds are re-
lated to a little fraction of gas at very low density and
very high temperature. In the same Figure (bottom dia-
gram), we see that the introduction of the jet increases a
little the gas fraction in the high velocity tail (to values
larger than 104 km s−1), but the remainder of the gas
behaves similarly as the jetless model (see also Figures
18 and 27, bottom-right panel).
6.4. Conclusions
In summary our results indicate that:
• The nuclear galactic gas evolution of a Seyfert is
almost insensitive to the passage of the jet and it
needs an intense and more widespread source of en-
ergy injection in the disk to increase the gas pres-
sure and drive shock waves and turbulence;
• The SN explosions and the development of shock
waves into the ISM of the host galaxy determine
the formation of a multiphase ambient, and there-
fore a SB and/or a region with high SFR may in-
ject enough energy to blow-out the gas from the
disk and at the same time lead to the formation
of clouds and clumps which can be continuously
generated and steadily carried away. Therefore,
we may roughly expect a preservation of the total
cloud number;
• The fact that some clouds have negative velocities
implies that they may eventually fall back into the
disk, while the clouds with positive velocities larger
than the escape velocity can continue their journey
through the halo. If dust forms in the way, it may
eventually also originate molecular clouds;
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Figure 23. Face-on logarithmic gas density (top-left panel), temperature (top-right panel), pressure (bottom-left panel) and velocity
(bottom-right panel) distribution at t = 6.5 Myr, for model SyH-SNI-SB-JET large at a height h = 430 pc. Distances are given in kpc,
densities, temperatures and pressures are in cgs and velocities are in units of the reference sound speed, computed at T=5×104 K, cs,5×104
= 33 km s−1.
• The velocity distribution reproduced by our simu-
lations clearly show that one of the main differences
between models with and without a SMBH jet is
the presence of gas with velocity signatures larger
than 1500 km s−1. Depending on the column den-
sity of the disk of the host galaxy, the amount of
very high velocity gas when a jet is present is be-
tween 5 and 20 times larger than in models without
a jet;
• The jet plays an important role in producing the
very high gas velocities observed in the expand-
ing nuclear regions of the Seyfert galaxies, but at
the same time these velocities involve such a neg-
ligible amount of gas mass (compared to the total
amount in the outflow) that it is unable to drive
the gas evolution within the kpc scale. Neverthe-
less, they may be responsible for recent observed
high velocity features in Seyfert and ULIRGs (e.g.
Morganti et al. 2013; Tombesi et al. 2015);
• Our results basically reproduce the structures of
the gas outflow, that is, an extended gas outflow
with systemic velocity around the nucleus having a
broader biconical component perpendicular to the
disk and an inner component due to the interaction
between the jet and the galactic disk material.
Finally, we should remark that we have neglected
the effects of magnetic fields in the present study.
Although they are known to be particularly im-
portant in the formation and propagation of the
jet outflow, we have neglected their effects here for
simplicity. Nevertheless, we may expect that its
presence would not affect much the overall conclu-
sions of this work. In fact, the inclusion of mag-
netic fields in the shaping of the jet would help
on one side to confine the beam even more in the
central narrow channel, therefore further constrain-
ing its interaction with the surroundings. On the
other side, the enhanced collimation and magneto-
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Figure 24. Edge-on logarithmic kinetic energy gas distribution
for models SyH-SNI-SB-JET large (left panel) and SyH-SNI-JET
(right panel) at t = 4.8 Myr. Distances are given in kpc and energy
is in units of 5×1045 erg (code units)
centrifugal acceleration implied by the presence of
magnetic fields in the jet would help to push cap-
tured clumps from the underlying star-formation
driven wind to much higher speeds as those sug-
gested by the recent observations mentioned above.
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Figure 25. Two dimensional histogram of the vertical velocity
versus density
calculated considering every cell within the whole simulated system
for the models SyH-SNI-SB large (top panel) and SyH-SNI-
SB-JET large (bottom panel) at a time t=5 Myr. Velocities
are in units of km s−1 (logarithmic scale) and densities are in units
of cm−3 (logarithmic scale). The colour bar indicates the cell
number normalized to their total number.
group of IAG-USP.
APPENDIX
A. SEYFERT GALAXY MODELS WITH LOW COLUMN DENSITY (SYL)
We have also run numerical models considering the presence (or not) of SNI, SB and JET in a disk galaxy charac-
terized by lower values of the column density (SyL). The results are consistent with those presented above, and the
gas evolution in the disk is completely driven by the SB, as can be seen in Fig. 26, where the gas density evolution
for each model (SyL-SNI, SyL-SNI-SB, SyL-SNI-SB-JET and SyL-SNI-JET) at t=1.5 Myr is shown.
Examining Figure 27 we note that when a SB region is active, regardless of the presence of a SMBH jet, the mean
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Figure 26. Edge-on logarithmic gas density distribution at t = 1.5 Myr, for the models SyL-SNI (top-left panel), SyL-SNI-SB (top-right
panel), SyL-SNI-SB-JET (bottom-left panel) and SyL-SNI-JET (bottom-right panel). Distances are given in kpc and densities are in cm−3
mass transfer rate from the the disk is about 3 M⊙ yr
−1 over a time of ∼2 Myr, resulting in a net total gas mass lost
by the system of about 2 ×106 M⊙. Also the velocity distribution, shown in bottom-right panel of Fig. 27, confirms
the great similarity between the two models with and without the SMBH jet. Both models lost about 40% of their
mass, and have about 95% of the remaining mass characterized by the same velocity profile.
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